The release of neurotransmitters, neurotrophins, and neuropeptides is modulated by Ca 2ϩ mobilization from the endoplasmic reticulum (ER) and activation of Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII). Furthermore, when neuronal cultures are subjected to prolonged depolarization, presynaptic CaMKII redistributes from the cytoplasm to accumulate near active zones (AZs), a process that is reminiscent of CaMKII translocation to the postsynaptic side of the synapse. However, it is not known how presynaptic CaMKII activation and translocation depend on neuronal activity and ER Ca 2ϩ release. Here these issues are addressed in Drosophila motoneuron terminals by imaging a fluorescent reporter of CaMKII activity and subcellular distribution. We report that neuronal excitation acts with ER Ca 2ϩ stores to induce CaMKII activation and translocation to a subset of AZs. Surprisingly, activation is slow, reflecting T286 autophosphorylation and the function of presynaptic ER ryanodine receptors (RyRs) and inositol trisphosphate receptors (IP3Rs). Furthermore, translocation is not simply proportional to CaMKII activity, as T286 autophosphorylation promotes activation, but does not affect translocation. In contrast, RNA interference-induced knockdown of the AZ scaffold protein Bruchpilot disrupts CaMKII translocation without affecting activation. Finally, RyRs comparably stimulate both activation and translocation, but IP3Rs preferentially promote translocation. Thus, Ca 2ϩ provided by different presynaptic ER Ca 2ϩ release channels is not equivalent. These results suggest that presynaptic CaMKII activation depends on autophosphorylation and global Ca 2ϩ in the terminal, while translocation to AZs requires Ca 2ϩ microdomains generated by IP3Rs.
Introduction
Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) is implicated in learning, memory, and synaptic plasticity. These effects may involve T286 autophosphorylation, which generates autonomous Ca 2ϩ -independent activity, and postsynaptic translocation to interact with target proteins (Merrill et al., 2005) . In addition, CaMKII regulates presynaptic excitability, development, vesicle dynamics, and neurosecretion Wang et al., 1994; Shakiryanova et al., 2007; Wang, 2008; de Jong and Verhage, 2009; Wong et al., 2009; Carrillo et al., 2010) . CaMKII-regulated release of classical neurotransmitters, neuropeptides, and neurotrophins depends on Ca 2ϩ release from endoplasmic reticulum (ER) (He et al., 2000; Jin and Hawkins, 2003; Kubota et al., 2005; Kolarow et al., 2007; . However, the basis of this finding remains unclear because the effect of ER Ca 2ϩ release on CaMKII activity in the nerve terminal has not been measured directly. Presynaptic regulation may also involve CaMKII redistribution, as electron microscopy reveals CaMKII accumulation near active zones (AZs) following prolonged K ϩ -induced depolarization of neuronal cultures (Tao-Cheng et al., 2006) . However, it is not known whether this presynaptic translocation occurs in native nerve terminals during physiological activity. Determining how presynaptic CaMKII activation and translocation depend on nerve activity and ER Ca 2ϩ release requires a method for measuring CaMKII catalytic activity and localization in the living nerve terminal.
CaMKII activity has been detected optically in the neuronal soma and dendrites with a CaMKII reporter called Camui (Takao et al., 2005) . Camui is a fluorescence resonance energy transfer (FRET)-based indicator that reports the transition from the basal state to the activated conformation as an increase in CFP/YFP (yellow fluorescent protein) ratio (Takao et al., 2005) . In principle, because GFP-tagged CaMKII reports postsynaptic CaMKII translocation (Merrill et al., 2005) , Camui might report presynaptic translocation as well as activation. Therefore, we set out to image Camui in a living nerve terminal amenable to optical studies. The Drosophila larval neuromuscular junction (NMJ) features large (i.e., Ͼ2 m in diameter) type Ib synaptic boutons in which neuropeptide-containing dense-core vesicles (DCVs) and FRET signaling indicators have been resolved optically . Furthermore, presynaptic DCV mobility, accumu-lation, and exocytosis are regulated by ER Ca 2ϩ release by ryanodine receptors (RyRs) and CaMKII Wong et al., 2009) . Although most CaMKII at the larval NMJ is postsynaptic (Koh et al., 1999) , it is easy in Drosophila to target expression of transgenic FRET indicators specifically to neurons so that signaling in the nerve terminal can be followed in real time. Therefore, we hypothesized that the Drosophila NMJ would be well suited for studying the effect of activity on presynaptic CaMKII using the Camui FRET indicator.
Here Camui is expressed and imaged in Drosophila motoneuron type Ib synaptic boutons. Consistent with predictions from previous findings, electrical activity and ER Ca 2ϩ release stimulate CaMKII activation. Furthermore, CaMKII translocation from the cytoplasm to accumulate near AZs is detected in response to nerve stimulation and endogenous nerve activity within the intact animal. Finally, it is shown that CaMKII activation and translocation in the nerve terminal are subject to differential control by autophosphorylation, Bruchpilot (BRP) levels, and ER Ca 2ϩ channels.
Materials and Methods
Flies. Camui (Takao et al., 2005) (BRP, 107748; RyR, 109631) , and the National Institute of Genetics of Japan (RyR, 10844R-3). Flies expressing strawberry fluorescent protein-tagged BRP-short have been described previously (Schmid et al., 2008) .
Imaging. Single-plane-of-focus wide-field imaging of type Ib boutons located on muscles 6 and 7 of filleted wandering third instar larvae of either sex was performed in glutamate-supplemented HL3 (containing, in mM: 70 NaCl, 5 KCl, 1.5 CaCl 2 , 20 MgCl 2 , 10 NaHCO 3 , 5 trehalose, 115 sucrose, 10 sodium glutamate, and 5 sodium HEPES, pH 7.2) with an Olympus 1.1 numerical aperture 60ϫ water-immersion objective. The depth of field of this objective ensures that most of the bouton volume is in focus and that the rest of the bouton will be only slightly out of focus. This is evident from our measurement of Nc82-labeled AZs, which is comparable to that obtained with stacks of confocal images (Kim et al., 2009) . FRET measurements of CaMKII activity (i.e., the CFP/YFP ratio), which were performed every 3 s, used a 440DF20 excitation filter, a 455DRLP dichroic mirror, and alternating 480DF30 (for CFP) and 535DF25 (for YFP) emission filters on a filter wheel (Sutter Instruments) as described previously (Shakiryanova and Levitan, 2008) . To follow translocation without ratiometric FRET assays, Camui was imaged with standard fluorescein optics every 3 s. Fura-2 ratiometric Ca 2ϩ measurements were performed as described previously (Chouhan et al., 2010) . For imaging in the living intact animal, a larva was placed in a drop of saline between a glass slide and a coverslip with cut coverslip spacers and viewed with a 1.45 numerical aperture oil-immersion 60ϫ objective using fluorescein optics. For immunostaining BRP, the semi-intact preparation was fixed with 4% paraformaldehyde for 15 min and incubated with Nc82 monoclonal antibody (1:100) in PBS with 0.3% Triton X-100 and 5% goat serum overnight at 4°C. The secondary Texas Red-labeled anti-mouse antibody was applied for 2 h at room temperature. Protocols for the application of thapsigargin (Tg), ryanodine, KN92, and KN93 have been described previously . Xestospongin C (Xesto) was applied in a 20 min preincubation. For experiments with two experimental conditions, the t test was used for determining statistical significance. Otherwise, statistical analysis was performed with ANOVA followed by Dunnett's post hoc test. With drugs that were dissolved in DMSO, an equivalent amount of the vehicle was used as the matched control.
Reagents. KN-92, KN-93, xestospongin C, and ryanodine (high purity) were obtained from EMD Chemicals. Thapsigargin was obtained from Alomone Labs. Plectreurys toxin II (PLTX) was obtained from the Peptide Institute (Osaka, Japan). Dextran-conjugated Fura-2 was obtained from Invitrogen Corp.. The Nc82 monoclonal antibody was obtained from the Developmental Studies Hybridoma Bank (Iowa City, Iowa).
Results

CaMKII activation and translocation in Drosophila motoneuron terminals
Presynaptic CaMKII activation in single type Ib boutons was measured in a high-Mg 2ϩ saline supplemented with glutamate to suppress NMJ contraction. Initially, motor nerves were stimulated at 70 Hz for 15 s, which induces CaMKII-dependent presynaptic DCV mobilization, DCV capture, and potentiation of neuropeptide release in type Ib boutons (Shakiryanova et al., 2005 (Shakiryanova et al., , 2006 Wong et al., 2009 ). This stimulus increased the CFP/YFP ratio, which reports CaMKII activity (Takao et al., 2005) , throughout the bouton (Fig. 1 A) . CaMKII activation was Hz. An increase in CaMKII activity is shown as a shift to warmer colors. Scale bar, 2 m. B, Quantification of FRET responses to stimulation for 15 s at 70 Hz in control boutons (Con) (n ϭ 8), control boutons treated with 10 M KN92 (n ϭ 5), 10 M KN93 (n ϭ 9), or 20 nM PLTX (n ϭ 6), and in T305/306D mutants (n ϭ 6). *p Ͻ 0.05, ***p Ͻ 0.001. C, FRET responses to 70 Hz nerve stimulation with 100 M ryanodine (Ryan) (n ϭ 6) or expression of RyR-targeted RNAi constructs RyR109631 (n ϭ 7) and RyR10844R-3 (n ϭ 11). Note that an increase in the plotted ratio corresponds to activation.
inhibited by the CaMKII-specific calmodulin-binding site inhibitor KN93, but not the inactive analog KN92 (Fig. 1 B) . The calmodulin site was further implicated by showing that the Camui T305/306D mutant, which mimics inhibitory phosphorylation of the calmodulin-binding site (Colbran and Soderling, 1990) , abolished the response ( Fig. 1 B) . Finally, PLTX, a blocker of presynaptic voltage-gated Ca 2ϩ (Ca v ) channels (Kuromi et al., 2010) , also abolished CaMKII activation ( Fig. 1 B) . Thus, activityevoked Ca 2ϩ influx through Ca v channels induces calmodulin activation of presynaptic CaMKII.
CaMKII-dependent regulation of peptidergic DCVs in Drosophila motoneurons requires Ca 2ϩ -induced Ca 2ϩ release by presynaptic ER RyRs Wong et al., 2009) . Therefore, to determine whether Camui is an effective reporter of presynaptic CaMKII activity in Drosophila motoneuron terminals, RyRs were inhibited. Null mutants could not be used because of lethality. Therefore, RyRs were targeted by neuronal expression of two RNAi constructs. Also, to further exclude off-target and developmental effects, RyRs were inhibited acutely by applying ryanodine, which binds to both mammalian and Drosophila RyRs (Vázquez-Martínez et al., 2003) . With each of these independent means of inhibiting RyRs, CaMKII did not fully activate (Fig. 1C) . Thus, in accordance with indirect studies, Camui verified that presynaptic CaMKII is activated by surface and ER Ca 2ϩ channels. In vitro ultrastructure experiments have shown that native CaMKII translocates toward AZs in response to prolonged depolarization (Tao-Cheng et al., 2006) . Because this stimulus can mimic tetanic stimulation, Camui was imaged as motor nerves were stimulated at 70 Hz for 1 min. This produced Camui redistribution into puncta, which were visualized with fluorescein optics after fixing the NMJ and immunostaining for the AZ marker BRP with the Nc82 monoclonal antibody (Fig. 2 A, Camui in green, Nc82 in magenta). The 1.46 Ϯ 0.35 Camui puncta per bouton (n ϭ 21 boutons from 3 preparations) were always located near a subset of the 11.45 Ϯ 0.32 AZs per bouton (n ϭ 191 boutons from 22 preparations) (Fig. 2 A) . However, because Camui puncta often did not persist during fixation, puncta formation was also monitored with fluorescein optics in living terminals from animals also expressing the strawberry fluorescent protein-tagged BRP-short construct (Schmid et al., 2008) , which labeled 10.35 Ϯ 0.73 AZs per bouton, n ϭ 82 boutons from 13 preparations (i.e., ϳ10% fewer than detected with Nc82). In the absence of fixation, more CaMKII clusters were evident: the maximum number of Camui puncta per bouton (C max ) was 3.31 Ϯ 0.35 (n ϭ 59 boutons from 11 preparations). Furthermore, 85% of puncta (i.e., 55 of 65) were located near strawberry-labeled AZs (Fig. 2 B) . Given the ϳ90% efficiency of AZ labeling by the strawberry construct, these live imaging data are consistent with the immunofluorescence data: presynaptic CaMKII usually clusters near a subset of AZs. The agreement of Camui experiments with previous electron microscopy, along with the expected activation by surface and ER Ca 2ϩ channels (see above), establish that the FRET indicator can be used in the Drosophila NMJ to probe the dynamics of presynaptic CaMKII activation and translocation.
Autophosphorylation promotes presynaptic CaMKII activation
We then focused on the kinetics of presynaptic CaMKII activation. Time-lapse studies revealed that, in contrast to rapid Ca 2ϩ / calmodulin activation of CaMKII in vitro (De Koninck and Schulman, 1998; Bradshaw et al., 2002) , full activity-dependent stimulation of presynaptic CaMKII occurred slowly and required Ͼ30 Hz stimulation, with the rate increasing with frequency (Fig.  3A) . Furthermore, CaMKII deactivation depended on the duration of stimulation: a longer bout of stimulation slowed deactivation and induced residual CaMKII activation that persisted after electrical stimulation ceased (Fig. 3B) . To determine whether slow CaMKII activation and deactivation reflect presynaptic cytoplasmic Ca 2ϩ kinetics, ratiometric Ca 2ϩ measurements were conducted with dextran-conjugated fura-2. In contrast to CaMKII (Fig. 3C, closed circles) , Ca 2ϩ responses increased and decreased quickly (Fig. 3C , gray trace). Rapid Ca 2ϩ kinetics was also evident in experiments with transgenic expression of TN-XXL and GCaMP3 Ca 2ϩ indicators (data not shown), further verifying that Ca 2ϩ alone does not explain the slow time course of presynaptic CaMKII activation. Therefore, the role of T286 autophosphorylation, which generates autonomously active CaMKII (Merrill et al., 2005; Wang, 2008) , was examined. Replacing Camui threonine 286 with alanine (i.e., T286A) to preclude its autophosphorylation reduced CaMKII activation and made the response more transient (Fig. 3C , compare open and closed circles). Hence, presynaptic CaMKII activation is enhanced and sustained by autophosphorylation. 
Presynaptic CaMKII translocation and dispersal occurs in vivo
Time-lapse experiments were also used to study the kinetics of CaMKII redistribution induced with 70 Hz nerve stimulation (Fig. 4 A; see Notes). While the time course of formation of individual puncta was variable, on average they became evident at 16.8 Ϯ 2.7 s (n ϭ 15). Puncta formation was accompanied by a decrease in the diffuse signal evident before stimulation (Fig.  4 B, C; see Notes). Puncta could appear and then aggregate (Fig.  4 B) or grow (Fig. 4C ) near AZs. Once fully formed, puncta either were immobile or moved modestly (Fig. 4 D) . Thus, CaMKII translocated from the cytoplasm to ultimately reside in clusters near AZs.
Imaging also revealed decreases in the number of clusters (Fig.  4 A) . The disappearance of puncta could not be attributed to movement out of the plane of focus because the depth of field of our optics encompasses most of the bouton volume and lost puncta never reappeared. Hence, clusters must have dispersed. Interestingly, even in one bouton, dispersal kinetics could vary (Fig. 4 A, E) : individual clusters could disperse either during stimulation (Fig. 4 E, left) when CaMKII is active, shortly after stimulation ceased (Fig. 4 E, middle) when the kinase is deactivating, or long after the cessation of stimulation (i.e., clusters persisted beyond the time frame of an experiment) (Fig. 4 A, E right) when kinase activity is low. Hence, presynaptic CaMKII translocation is not a simple consequence of activation.
To determine whether CaMKII translocation could be induced by physiological electrical activity, imaging was performed in live intact larvae. Viewing Camui in motoneuron boutons through the cuticle showed that presynaptic CaMKII is typically diffuse after halothane anesthesia (data not shown). In the absence of anesthesia, muscle contractions associated with attempted movement by larvae sandwiched between a slide and a coverslip made continuous imaging through the cuticle difficult. Nevertheless, time-lapse imaging between contractions generated by the animals themselves revealed formation and dispersal of CaMKII clusters (Fig. 4 F, G) (n ϭ 5). Hence, the translocation of diffuse presynaptic CaMKII into puncta originally detected with nerve stimulation in high Mg 2ϩ in the semi-intact preparation occurs in vivo in intact animals with endogenously generated electrical activity.
Divergent roles of RyRs and autophosphorylation in CaMKII translocation
Because FRET measurements showed that RyRs and autophosphorylation promote CaMKII activation (Figs. 1C, 3C) , the effects of RyRs and autophosphorylation on translocation during a 1 min bout of 70 Hz stimulation were examined by quantifying maximum number of fully formed clusters (C max ), a parameter that can be measured reliably despite the variation in the dynamics of puncta formation and dispersal. Inhibiting RyRs with ryanodine or presynaptic expression of RyR RNAi reduced CaMKII translocation (Fig. 5A) . Interestingly, this reduction was comparable to the effect on activation, which was measured at the peak for controls (i.e., at 33 s) (Fig. 5A , compare open and closed bars). Indeed, plotting C max versus FRET showed that the data obtained with RyR inhibition (blue circles) fell within the 95% confidence limits (dashed lines) for a linear regression line derived from controls (Con), DMSO, and the inactive analog KN92, and conditions that yielded inactive CaMKII [unstimulated (Unstim) and PLTX] (Fig. 5B) . Therefore, while RyRs are not absolutely required for the effects of electrical activity on presynaptic CaMKII, presynaptic CaMKII activation and translocation are proportionally facilitated by RyRs.
In contrast, while autophosphorylation promoted CaMKII activation (Fig. 3C) , translocation did not depend on autophosphorylation. This was evident in experiments in which translocation was quantified in the presence of KN93, which reduces kinase activation and hence autophosphorylation, its inactive analog KN92, and the T286A mutation, which precludes autophosphorylation. Even though KN93 and T286A reduce activation ( Fig. 1 B, 3C) , neither significantly affected C max compared with control or KN92 ( p ϭ 0.72, ANOVA). The preferential effect of autophosphorylation on activation is evident on the C max versus FRET plot, where KN93 and T286A results (red circles) appear beyond the 95% confidence limits of the control line in the upper left quadrant (Fig. 5B) . 
Inhibition of CaMKII translocation by BRP knockdown
Preferential regulation of translocation without altering activation is also possible. This type of result was found in experiments probing whether BRP is more than a simple marker of CaMKII translocation. Because the attempt to recombine the Camui insert on the second chromosome with a BRP mutant was unsuccessful, RNAi expression in neurons was used to target BRP. Immunostaining confirmed that two different RNAi constructs decreased BRP protein in type Ib boutons without noticeably affecting bouton size (Fig. 6 A) . Despite this knockdown, CaMKII activation was preserved: neither construct produced a statistically significant effect on FRET (Fig. 6 B, white bars) .
Yet, CaMKII translocation was nearly abolished (Fig. 6B, black bars) . The similar results obtained with two different BRP RNAi constructs minimizes the probability of an off-target effect, suggesting that BRP specifically influences CaMKII translocation. More generally, these results establish that CaMKII activation can occur normally even when translocation to AZs is disrupted.
IP3Rs preferentially induce presynaptic CaMKII translocation
To date, RyRs have fully accounted for the participation of the ER Ca 2ϩ in presynaptic cGMP signaling and regulation of DCV mobility, exocytosis, and capture at the Drosophila NMJ Shakiryanova and Levitan, 2008; Wong et al., 2009 ). These precedents predict that depleting ER Ca 2ϩ stores with the sarco/endoplasmic reticulum Ca 2ϩ -ATPase inhibitor Tg would be equivalent to inhibiting RyRs. However, with Tg, activation was inhibited to a greater extent and CaMKII translocation was essentially abolished (Fig. 7A , closed circles; B, bars labeled Tg). The dramatic response to ER Ca 2ϩ depletion when compared with RyR inhibition suggests that an ER Ca 2ϩ release channel in addition to RyRs influences presynaptic CaMKII. Therefore, the role of IP3R, which functions in type Ib boutons (Klose et al., 2010) , was investigated.
Because of the lethality of IP3R-null mutants, neuronally expressed RNAi was used to genetically test for a role of presynaptic IP3Rs and acute application of a specific inhibitor of the Drosophila IP3R, Xesto (Vázquez-Martínez et al., 2003) was used to preclude off-target and developmental effects. Each of these independent approaches for reducing IP3R activity lowered FRET responses, particularly at later times (Fig. 7A) . Thus, the impact of IP3Rs on activation, both in terms of magnitude and time course, is reminiscent of RyRs. Hence, Ca 2ϩ provided from each of these ER Ca 2ϩ channels contributes to presynaptic CaMKII activation. However, inhibiting IP3Rs nearly eliminated CaMKII translocation (Fig. 7B) . This preferential effect is obvious on a C max versus FRET plot (Fig.  7C) , where Xesto and the IP3R RNAi data (shaded triangles) appear in the lower right quadrant beyond the 95% confidence limits of the line along with the effects of BRP knockdown (open circles). Thus, in contrast to Ca 2ϩ supplied by RyRs, Ca 2ϩ supplied by IP3Rs preferentially induces CaMKII translocation toward AZs.
Discussion
Imaging presynaptic CaMKII activation and translocation in living terminals
Although CaMKII alters nerve terminal excitability, neurosecretion, and development, direct studies of CaMKII activation and translocation in living nerve terminals are lacking because of technical limitations. For example, the low level of CaMKII in the nerve terminal compared with the postsynaptic density, as well as the small size of most boutons, hinders light level in immunohistochemical assays of presynaptic CaMKII translocation. Electron microscopy coupled with immunodetection overcomes limitations in spatial resolution, but cannot follow CaMKII dynamics in a living preparation. Thus, the dependence of presynaptic CaMKII enzymatic activity and translocation on stimulation frequency, ER Ca 2ϩ channels, and autophosphorylation was unknown. Here a FRET indicator that detects both activation and translocation was shown to reproduce known features of presynaptic CaMKII behavior and then used to determine how CaMKII dynamics is controlled in an intact living nerve terminal.
Presynaptic CaMKII activation by autophosphorylation and global Ca
2؉
First, stimulation of presynaptic CaMKII by electrical stimulation, autophosphorylation, and ER Ca 2ϩ channels was quantified in real time. These experiments established that CaMKII activation is surprisingly slow and frequency dependent (Fig. 3) . This property likely reflects the fact that Ca 2ϩ entry via presynaptic Ca v channels alone is not optimal for activating CaMKII. Rather, stimulation of CaMKII also is promoted by presynaptic ER Ca 2ϩ release and autophosphorylation (Figs. 1, 3, 7) . The similarity of CaMKII kinetics induced by disrupting either of the latter processes suggests autophosphorylation is promoted by the increased activation of CaMKII by ER Ca 2ϩ . Furthermore, the participation of RyRs and IP3Rs (Figs. 1C, 7) , the requirement for Ca v channels (Fig. 1 B) , and the insensitivity to knockdown of BRP (Fig. 6) , which enhances Ca v channel clustering at AZs (Kittel et al., 2006) , imply that presynaptic CaMKII activation is driven by global presynaptic Ca 2ϩ elevation induced by ER and surface Ca 2ϩ channels.
Compartmentalized control of CaMKII translocation toward AZs
Imaging experiments also revealed that CaMKII translocation toward AZs detected by immunoelectron microscopy in depolarized cultured neurons also occurs with native electrical activity in vivo (Fig. 4 F) . Experiments that used BRP immunolocalization or somewhat less efficient transgenic fluorescent protein labeling showed that presynaptic CaMKII clusters usually accumulate at AZs (Figs. 2, 4 B, C) . This does not reflect a simple aggregation of CaMKII already localized near AZs because CaMKII initially localized away from AZs was depleted. Furthermore, once fully formed CaMKII clusters localized near AZs, their motion was limited (Fig. 4 D) . Therefore, it seems that initially diffuse presynaptic CaMKII forms clusters that are tethered near AZs. Strikingly, disrupting autophosphorylation, which reduces activation, does not affect presynaptic CaMKII translocation (Fig. 5B) . This might reflect that activating a subset of the subunits in the CaMKII dodecamer is sufficient for translocation. However, translocation is not a simple consequence of limited activation because, even though CaMKII activation tends to be greater after inhibiting IP3Rs than RyRs, translocation is more markedly disrupted by IP3R inhibition (Fig. 7C) (Peled and Isacoff, 2011) . Hence, it is possible that a single mechanism induces heterogeneity in AZ-mediated transmitter release and recruitment of CaMKII.
Our results suggest that presynaptic CaMKII translocation is preferentially induced by IP3R-generated Ca 2ϩ microdomains located at a subset of AZs (Fig. 8) . Consistent with this proposal, CaMKII translocation requires the AZ-associated scaffold protein BRP, which is long enough to separately integrate signals from Ca 2ϩ microdomains generated by AZ Ca v channel clusters at its C terminus and IP3Rs potentially located at its N terminus. BRP might affect CaMKII translocation also because it enhances Ca v channel clustering (Kittel et al., 2006) and it is a potential CaMKII substrate (Obenauer et al., 2003) . In contrast, RyRs may be positioned further away from BRP so that their local Ca 2ϩ release cannot mimic the action of IP3Rs (Fig. 8) . Such a differential distribution of ER Ca 2ϩ channels has not been studied in Drosophila nerve terminals, but is consistent with independent localization and function of RyRs and IP3Rs detected in other cell types and neuronal compartments (Blaustein and Golovina, 2001 ). According to this view, diffuse CaMKII samples global Ca 2ϩ changes induced by Ca v and all ER Ca 2ϩ channels to activate, but local Ca 2ϩ changes generated by IP3Rs are needed for recruitment of CaMKII. With such a model, depletion of the IP 3 -sensitive Ca 2ϩ pool would account for the observed dispersal of clusters that sometimes occurs during stimulation (Fig. 4 A, E) .
Our experiments suggest that translocation is limited to a subset of AZs and is delayed compared with CaMKII activation and synaptic transmission. Thus, it is unlikely that translocation occurs for rapid acute regulation of transmitter release. Indeed, the protocols typically used for quantal analysis (e.g., low-frequency action potentials in the presence of low Ca 2ϩ ) are unlikely to induce much CaMKII signaling. However, motor neurons fire in bursts that in vivo imaging experiments show are sufficient to translocate presynaptic CaMKII (Fig. 4 F) . Thus, future experiments will have to use more physiological stimuli to probe whether CaMKII is recruited to AZs to regulate synaptic transmission. Such effects could be selective, possibly because CaMKII is recruited to AZs that are most active and/or positioned near ER IP3Rs (Fig. 8) . Interestingly, another consequence of translocation to AZs is that CaMKII is depleted from the presynaptic cytoplasm. Hence, CaMKII activity can be redirected away from substrates that are excluded from AZs (e.g., neuropeptide vesicles and K ϩ channels) to substrates preferentially localized at AZs. In this way, the role of CaMKII in the nerve terminal changes dynamically depending both on its enzymatic activity and location. from Ca v channels, IP3Rs, and RyRs combine to activate presynaptic CaMKII (red arrows). Then, CaMKII dodecamers cluster near BRP-containing AZs (black arrows), where Ca 2ϩ microdomains from Ca v channels and ER IP3Rs are integrated.
